Conventionally, neutralizers in ion thruster systems do not generate thrust force. Hence, the power consumption of a neutralizer negatively affects the thrust efficiency of the ion thruster system. Therefore, in this paper, a negative ion source that generates thrust force as well as neutralizes the positive ion beam was newly developed using fullerene as a propellant so as to realize a more efficient ion thruster system. To develop the negative ion source, two measurements were conducted. The first measurement was an E × B probe to identify the species of positive and negative ions. The second measurement was a magnetically filtered Faraday probe to measure quantitatively the negative ion currents. Based on the measurements, it is concluded that the negative current is not carried by electrons but by negatively charged fullerenes. Finally, the negative ion source was successfully coupled with a positive ion source. To the best of our knowledge, this is the first paper to report the demonstration of an ion thruster using a negative ion source instead of a cathode.
Introduction
An ion thruster 1) is a device that electrostatically accelerates a beam of positively charged ions to high velocities, thereby, producing thrust. Such a system consists of a positive ion thruster, which provides thrust, and a neutralizer, which emits electrons to keep the potential of the spacecraft constant. However, the thrust efficiency of conventional ion thrusters seems to be saturated around 50-60%. 2) Therefore, to realize a more efficient ion thruster system, we have developed a negative ion source that generates thrust force as well as neutralizes the positive ion beam using fullerene as a propellant. Figure 1 shows the concept of a thruster system using a negative ion thruster. The proposed system consists of a negative ion thruster that uses fullerene as a propellant and a positive ion thruster that uses xenon as a propellant. In addition, the thrust per system mass ratio would be larger than that of the conventional system in the case where the mass of the negative ion thruster system and the thrust of the negative ion thruster head is the same as those for the positive one, because the thrust would be twice as high but the system mass would be less than twice as high because neutralizers are no longer required.
Negative ion beam sources have been widely studied as the negative ion-based neutral beam injector (N-NBI) in fusion reactors. 3) However, the accelerated ion species are hydrogen and isotopes of hydrogen.
The positive fullerene ion thruster has been studied by several laboratories, such as the NASA-Jet Propulsion Laboratory, 4) MIT 5) and Tokyo Metropolitan Institute of Technology, 6) because of its large mass. The negative fullerene ion thruster was proposed by Tohoku University; 7) however, it has not been investigated experimentally.
A different negative ion thruster named "PEGASES" was developed in France 8) that could accelerate both positively and negatively charged ions ( Fig. 1(b) ). The PEGASES thruster used SF6 propellant and alternately extracted negative and positive ions with a period of 20 kHz from a single ion source. This method resulted in a complicated thruster system such that the range of the available acceleration voltage was��350 V. The low acceleration voltage makes the thrust efficiency low. For simplicity, we have separated the sources of negative and positive ions so that the acceleration voltages can be much higher than �700 V.
The aim of this paper is to experimentally prove the concept of the thruster system using a negative fullerene ion thruster. Thus, we developed an electron-bombardment-type negative ion thruster and conducted two experiments and one demonstration. The first experiment was an E × B probe measurement to investigate the ion species accelerated from the ion source. The second experiment used a magnetically filtered Faraday probe (MFFP) to measure the current of the negative ion beam. Finally, the coupling operation of the negative fullerene and a positive xenon ion thruster was demonstrated. To the best of our knowledge, this paper is the first to demonstrate the negative ion thruster using fullerene propellant combined with positive xenon ion thruster. Fig. 1(a) . Concept of the thruster system combining negative and positive ion thruster. Fig. 1(b) . Concept of the PEGASES thruster.
Thrust Efficiency of the Thruster System
The thrust efficiency, η, is given by Eq. (1).
ηU and ηV are given by
These equations indicate that the neutralizer does not generate a thrust but consumes propellant (�� � ) and electricity (� � ). Thus, substituting a negative ion thruster that emits negatively charged fullerene for the neutralizer may increase the thrust efficiency. Moreover, by using fullerene propellant, whose mass is 5.5 times greater than that of xenon, the electrical efficiency will increase for the same specific impulse because the beam voltage, VS, is given by
Thus, a negative ion thruster using fullerene propellant has the potential to increase its thrust efficiency. Figure 2 compares the thrust efficiency of the thruster system using a neutralizer and that of the thruster system using the negative ion thruster. The parameters assumed in this estimation are shown in Table 1 .
2)
As the negative beam-ion energy cost increases, the thrust efficiency decreases. At a beam-ion energy cost of 4000 W/A, the efficiency of the coupling ion thruster is lower than that of the conventional thruster for specific impulse values from 0 to 3800 s. At 3800 s, the coupling ion thruster is more efficient. At energy costs lower than 2000 W/A, the efficiency of the coupling ion thruster is higher than that of the conventional ion thruster in all cases. 
Ion Thruster and Vacuum Chamber Setups
The electron circuit schematic of the ion source is shown in Fig. 3 . The parameter settings of the ion source are shown in Table 2 . When we accelerate positive ions, the screen and accel voltage are +700 V and −200 V, respectively. Conversely, when we accelerate negative ions, the screen and accel voltage are −700 V and +200 V, respectively. The device is a stainless-steel quadrangular prism (7 cm × 7 cm cross-sectional area and 14 cm long). An electron-bombardment-type ionization method is adopted because electron sources are necessary to maintain a fullerene plasma. 9) The cathode is 2% Th-W with a filament diameter of 0.27 mm. To supply fullerene gas into the ion source, a fullerene vaporizer was constructed. The vaporizer, which was made of copper, was heated with a heater input about 90 W. The fullerene mass flow rate (≈0.5 mg/s) was measured in real time using an electronic balance. A magnetic filter (Bmax≈ 24 mT) generated by a permanent magnet was located 3.5 cm from the screen grid to decrease the electron mobility. The magnetic filter was not intended to decrease the electron temperature because, unlike for hydrogen or SF6, the electron attachment cross-section for C60 is not maximal near zero electron temperature. 10) An electron collector was located in the magnetic field to decrease the electron density near the screen grid. The screen grid was biased positively to increase the negative ion density near the grid. There were no magnetic field boundaries to improve the ionization efficiency because the thruster was developed only to prove the concept of the thruster system.
All experiments were carried out in a quadrangular prism (45 cm × 45 cm, 1 m long) vacuum chamber. The chamber was evacuated by three rotary pumps, two turbo-molecular pumps of 200 L/s, and a diffusion pump of 3400 L/s for N2.
The operating pressure during the fullerene experiment was in the range of 2-3 × 10 
E × B Probe-Measurement of Ion Species in the Beam
To analyze the ion species accelerated from the ion source, we measured the ion beam with an E × B probe.
E × B probe setup
An E × B probe is a band-pass ion filter that selects ions according to their mass by applying crossed electric and magnetic fields. m, the magnetic field B is 176 mT, the absolute value of screen voltage is 700 V, and the plasma voltage, which is measured by a single probe, is about +45 V. The E × B probe is located 60 cm away from the acceleration grids of the ion thruster.
Results of the E × B probe measurement
The E × B probe results for the positive xenon ion beam, accelerated from the thruster, are shown in Figure 4 . Xe + and Xe
2+
were detected at probe voltages 23 V and 33 V, respectively, which is in good agreement with the theoretical calculation at (VScr+VP) = 745 V. Thus, the E × B probe operated properly, and the thruster could accelerate ions at the screen grid voltage.
The E × B probe results for the positive fullerene ion beam are shown in Figure 5 . The C60 + peak should occur at 9.9 V. This would indicate that there was oxygen in the fullerene propellant because C60 had the opportunity to absorb oxygen as a molecule at room temperature. 13) It is considered that the carbon atom comes from dissociated C60 but the dissociation will be suppressed by decreasing the discharge voltage (from 40 to 35 V). The result of negative fullerene ion beam measurement is shown in Figure 6 , which includes a negative peak. This means that C60 − (or such heavy ions) was successfully accelerated. There was no other peak in the negative beam measurement. The electron beam could not be measured because the probe voltage needed to be approximately 11 kV. 
Magnetically Filtered Faraday Probe-Negative Ion Beam Measurement in the Negatively Charged Beam
To analyze the relative proportions of the negative ion beam and the negatively charged beam, an MFFP was used.
Magnetically Filtered Faraday Probe (MFFP) setup
The MFFP was able to separate the negative ion beam from the electron beam. Figure 7 shows the schematics of the MFFP. Both the electron beam and the ion beam were measured when the magnetic filter of the MFFP did not operate. On the other hand, only the ion beam was measured when the magnetic filter was turned on because electrons were filtered by the magnetic filter. The MFFP is located 5 cm away from the acceleration grids of the ion thruster. Figure 8 shows the measurement of the negatively charged (electron) beam accelerated from pure xenon plasma. The magnetic filter was turned on at time = 5 s. When the magnetic filter was turned on, the probe current was zero. This result demonstrates that the electron beam existed and that the magnetic filter of the MFFP excluded the electron beam completely.
To reduce the density of the electron beam, a magnetic filter generated by a permanent magnet was located downstream of the acceleration grid of the thruster. The filter was electrically connected to the acceleration grid. Thus, the acceleration current included the electron current because the electron beam was filtered and absorbed into the acceleration grid. This method was used to simulate the negative ion beam without electrons. Figure 9 shows the measurement of the positively charged beam, and Figure 10 shows the measurement of the negatively charged beam extracted from the pure fullerene plasma. Table  3 shows the fullerene ion beam current. The cause of the difference in the noise of Figs. 9 and 10 is not well understood at this time. Figure 9 shows that the probe current is approximately 22 µA. Figure 10 shows that the probe current is approximately −22 µA and that the probe current is the same whether the magnetic filter is turned on or off. This means that negative ions (negative fullerene ions), and not electrons, exist in the negatively charged beam. The negative ion probe current was nearly equal to the positive ion probe current. Similarly, the negative ion beam current was nearly equal to the positive ion beam current. These results indicate that negative ions can be accelerated as effectively as positive ions. Table 3 shows that the proportion of the negative ion beam current to the screen current (including electron current) is 28%. This proportion is equal to ηI in Eq. (1). The negative beam-ion energy cost (not including heater power of vaporizer) is estimated at approximately 26000 W/A. The energy cost is so high due to the low beam current. This issue should be further studied in the future. 
Results of the MFFP measurement

C60 -
Thruster and Xe
＋
Thruster Coupling Operation
To demonstrate the concept of the thruster system, we electrically combined the negative fullerene thruster and a positive xenon thruster, and accelerated both ions. We did not use fullerene propellant in the positive ion thruster because our study focused on the efficiency of negative fullerene ion thruster.
Operation setup
As mentioned earlier, both the negative fullerene thruster and the positive xenon thruster were electrically combined to demonstrate the concept of the thruster system. The positive xenon thruster is a miniature ECR (Electron Cyclotron Resonance) discharge ion engine named μ1, due to the 1-cm-class beam diameter and 1-W-class microwave power. 15) The μ1 beam current can be varied by regulating the microwave power. Figure 11 shows the electrical connections of the coupling operation. Ion thrusters were isolated from the ground line and were connected only by a 100 Ω resistance to measure the net current. The distance from the center of the μ1 to the center of the negative ion thruster was 7 cm. Figure 12 shows the measurements of the beam currents and the net current. The negative ion thruster single operation occurs from 0 to 70 s. The positive ion thruster single operation occurs from 70 to 160 s. The coupling operation starts at 160 s. From 260 s to the end of the experiment, the absolute value of the net current was below 0.01 mA. This result shows that the negative ion beam current was nearly equal to the positive ion beam current.
Results of the beam current measurement
Results of the E×B probe measurement
The E×B probe measurement of the coupling operation is shown in Figure 13 , which demonstrates that the beam consists of both C60 -and Xe + . These results prove that we succeeded in our demonstration of the coupling operation without a neutralizer. 
Conclusion
We proposed and developed a negative ion thruster using fullerene propellant. The negative ion thruster emitted negative charge instead of using a neutralizer and provided thrust. We conducted two experiments and showed one demonstration. The results are summarized below: E × B probe measurement:
1. An E × B probe measurement showed the acceleration of negative fullerene ions.
MFFP measurement:
2. An MFFP measurement showed that the negative ion thruster using fullerene propellant did not produce an electron beam. 3. The negative ions could be accelerated as effectively as the positive ions. 4. The ratio of the negative ion beam current and the accelerator current is 0.28:0.72. 5. The negative beam-ion energy cost was 26000 W/A. Coupling operation: 6. The coupling operation of the negative ion and the positive ion thruster without neutralizer was successful. 7. The E×B probe measurement showed that the beam consisted of negative fullerene and positive xenon ions. Thus, the concept of the thruster system was successfully demonstrated. These results proved the concept of the thruster system by using a negative fullerene ion thruster.
